The economic and mathematical model of food security in Ukraine was made in the form of regressive dependence of the integral index of food security on the singled out factors: provision, independence, physical accessibility, quality and safety. For this, a set of indicators of food security was replaced by fewer numbers of the most significant uncorrelated components (factors). A component analysis was taken as a scientific and methodological basis of this replacement. The results obtained from the verification of the model indicate its adequacy to statistical data, the significance of the model as a whole and its parameters, the close direct linear relationship between the factors and the integral index of food security. Validation of the constructed food security model was based on the method of element-by-element cross-validation.
Introduction
Social and economic transformations taking place in the world cause increased attention to research relevant to the problems of state regulation of key economic processes that ensure sustainable development of countries. In this regard, among the objects of state macroeconomic regulation, food security has become increasingly important recently, since in its area the preconditions for sustainable economic growth together with ensuring balanced social and environmental development are being formed. Therefore, strengthening the food security system in Ukraine requires the improvement of existing scientific and practical principles of its evaluation, modelling and forecasting, especially in dangerous conditions where threats to food security are accompanied by aggravation of social problems and may create preconditions for general weakening of the national security.
Economic and mathematical model of food security in Ukraine
As food security is a system-based category, the state is formed by the interaction of a large number of indicators, so it is necessary to consider the study of their complex mutual influence. In order to improve the scientific and methodological principles of food security estimation in Ukraine the generalising classification of indicators of food security, which makes it possible to objectively and comprehensively examine all its main components, has been developed. It was based on 16 indicators which, in turn, characterised the six major subsystems of food security: 1 indicators of sufficiency:
• index of consumption
• index of energy value
• index of nutritional value 2 indicators of sustainability:
• index of self-sufficiency
• index of grain stocks
• index of volatility 3 indicators of physical accessibility:
• number of retailers with food range advantage
• number of markets selling food products
• agricultural products grown in farms 4 indicators of economic accessibility:
• cost index
• index of real wages
• poverty index 5 indicators of independence:
• import dependence index
• index of coverage 6 indicators of quality and safety:
• the proportion of products rejected by control authorities in the total number of inspected products
• the number of companies that are certified by the standards of quality and safety.
Selected indicators of food security make it possible: firstly, comprehensively and objectively to examine the actual state of food security; secondly, to monitor qualitative and quantitative changes in all subsystems of food security; thirdly, to promptly identify unfavourable trends and potential threats. Implemented improvements in the list of indicators will facilitate more accurate and timely identification of problems that food security may face in the near or more distant future, and implementation of a complex of preventive measures to improve stability of food security system. When building a model of food security to ensure the adequacy to its real state, we have proposed to replace an attribute set of indicators of food security by fewer of the most significant uncorrelated variables (components), which would retain all the information and would not reduce the accuracy of simulation results. The component analysis was taken as t scientific and methodological basis of this replacement [Iberla, (1980), p.63] .
Model of component analysis is as follows: 
where s ≤ m; Z j -original attributes; F i -general factors; a ij -factor loadings; m -number of attributes. Let us introduce the notation:
where f ij -values of component F j for attribute Z i , and the matrix F describes n observations in the space of s components. Then the model of component analysis, taking into account formulas (2) to (4) in matrix form looks like:
Attributes are only the indicators of certain properties of the phenomenon that are not directly measured. It is possible to reveal hidden (latent) primary causes, that explain the correlation between attributes and are meaningfully interpreted, by using the method of principal components [Yerina, (2001), p.149] . The basic assumption of the method of principal components is based on the fact that the elements of the matrix F are normalised, i.e.:
and components F j are not correlated with each other. Construction of the matrix of factor loadings A is performed as follows. Calculate the matrix of paired correlation coefficients R by formula:
Record characteristic equation for finding the eigenvalues R:
where E -the identity matrix m × m in size. Because R is a symmetric matrix, the equation (8) has m simple positive roots, called the eigenvalues of matrix R.
Let us mark λ 1 > λ 2 > … > λ m as eigenvalues of matrix R. For each eigenvalue λ j an eigenvector V j is found as different from zero in the solution of the equation.
The obtained eigenvectors ( 1, )
are orthogonal between themselves. The normalised eigenvectors U j are calculated using the formula: , 1 , .
Elements of the matrix of factor loadings A are found in the columns, here the elements in the j column A j of the matrix A is determined as follows:
The method of principal components assumes that all m components fully explain the total variance of attribute set. In this connection the value To make the factor analysis k of the first components, the contribution to the total variance of which is more than 70-80%, is chosen. These are called principal components. The total variance of principal components is less than the total variance of the attribute set. Completeness of the factorisation is determined by the ratio:
A prerequisite to use the method of principal components is to confirm the significance of the matrix of paired correlations of the original attributes. The test of significance of the correlation matrix of food security indicators has been done with the help of Wilks criterion -χ 2 , which is calculated using a Bartlett formula [Iberla, (1980) 
where n -number of observation periods; m -number of indicators of food security; ln|R| -natural logarithm of the correlation matrix determinant. The method of principal components is used for the transformation of the initial indicators of food security in the system of new indicators (principal components) that are ordered by the size of their variances, in this connection the first main component has the greatest variance, and the last one -the least. As a result of using the method of principal components the choice of the minimum number of the most informative components is made.
The procedure of the method of principal components was implemented in an integrated system of data processing Statistica 6.0 with the help of a factor analysis module. The component loading on any indicator of food security was defined by the maximum absolute variables of the values of factor loadings on it.
The effects of the method of principal components are presented in table of factor loadings (Table 1) . A graphic display of the location of factor loadings indicators of food security in the space of two principal components-axes (Figure 1 ) is given. The search for the factor structure, which enables to interpret factors clearly and unambiguously, involves the application of factor axes inverse. An inverse is a search, using mathematical methods, for the optimal position of factor axes in the space [Esipov and Makhovikova, (2005) 
Among the factor inverse procedures we have chosen a procedure of varimax normalised factor analysis, because it enables, highlighting generalising factors, to maximise squares variation of factor loadings for each component, increasing the large and reducing the small factor loadings. As a result of application of the varimax normalised inverse we formulate a factor loadings table (Table 2) . It should be noted that after the factor inverse procedure the obtained aggregates are no longer principal components, but they are generalising factors. The generalising factors include those that contain factor loadings that are larger than the number of golden ratio 0.618. Following the inverse procedure we establish four factors which are the common cause of the relationship of food security indicators.
Here, the contribution of the first generalising factor in the overall food security indicators variance is 46.30%, of the second factor is 20.68%, of the third factor is 22.26% of the fourth one is 9.77%. The redistribution of factor loadings indicators among factors was taken place in the process of inverse; herewith the level of factorisation did not change.
Since generalising factors are latent variables, then to provide them with specific content depends on the indicators that make up their composition.
The analysis of the structure of the first generalising factor indicates that the indicators determining its content are: indicator of sufficiency, indicator of sustainability, indicator of economic accessibility. Thus, the first generalising factor is interpreted as a factor of provision of food security.
The second generalising factor is called a factor of independence because this factor has a significant correlation only with the indicator of independence.
The third generalising factor significantly correlates with the indicator of physical accessibility, so we call it the factor of physical accessibility.
The fourth generalising factor is called the factors of quality and safety, because the analysis of all its factor loadings shows that it has the greatest impact on the indicator of quality and safety.
To construct a model of food security, the factors of provision, independence, physical accessibility, quality and safety as well as the integral index of food security are selected as attributes.
The values of selected attributes are obtained as follows.
At first from the model of principal components (5) we find the values of the principal components using the formula.
( ) .
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( 1 5 ) For the factor loadings matrix A of the method of principal components the equality is being executed: Then for the inverse matrix to A T we have:
Thus, for the matrix of values of principal components we have the following formula:
( 1 9 ) Varimax normalised inverse process lies in the fact that orthogonal transformation of coordinates, where axes are factors, is being performed. But here the model of component analysis itself does not change its structure and stays in the form:
where G -generalising factors; B -matrix of factor loadings after inverse. Since the normalised varimax inverse is orthogonal, there is an orthogonal matrix C m × m in size that is performed in the equality:
while matrix C satisfies the conditions:
( 2 3 ) where I -the identity matrix. From equation (20), taking into account formula (21), (18) and (23) we obtain: So the value of attributes for the food security model is given by formula:
( 2 4 ) where Z -matrix of normalised values for indicators of food security according to standard deviation; A -matrix of factor loadings before inverse; Λ -1 -inverse matrix to eigenvalues of matrix A; C -orthogonal matrix of factor axes inverse.
Calculation of values of the factors of provision, independence, physical accessibility, quality and safety is carried out as follows.
1 The values for indicators of food security have been normalised according to standard deviation.
2 According to the procedure of the method of principal components implemented by the factor analysis module of the integrated data processing system Statistica 6.0 a factor loadings matrix A has been established: 
and matrix of its eigenvalues Λ has been formed: 
We found an inverse matrix to the eigenvalues of matrix Λ: 
In the results of inverse procedure of factors varimax normalised implemented by factor analysis module of the integrated data processing system Statistica 6.0, we obtained a factor loadings matrix after inverse B: 
6 A matrix of factor axis rotation C was found by the formula C = A 
Using the formula (24) in m = 6 -the number of indicators of food security, s = 4 -the number of factors, n = 13 -the number of observations, we have obtained the values of the factors of provision, independence, physical accessibility, quality and safety, which are listed in Table 4 .
The dependence of the integral food security index on the calculated factors of provision, independence, physical accessibility, quality and safety forms the basis to construct the model of food security as a linear multiple regression:
where II FS -integral food security index; β 0 , β 1 , β 2 , β 3 , β 4 -model coefficients; G 1 , G 2 , G 3 , G 4 , -factors of provision, independence, physical accessibility, quality and safety, accordingly; ε -error of the model. 
Verification and validation of the constructed food security model
In order to verify the choice of the structure of the constructed food security model as a linear multiple regression, its verification, i.e., statistical test of the models for adequacy, quality and significance was carried out.
The results of regression analysis, taken as a basis to the verification of the constructed food security model, are given in Table 5 .
To estimate the quality of the constructed model the correlation coefficients and coefficients of determination as well as the values of the standard errors of the model and parameters were used. The test for the statistical significance of the model was undertaken based on the Fisher's test and Student's test. To estimate the model adequacy to the statistical data, the value of the coefficient of determination R 2 was defined by formula (26), which is a measure of the explanatory power of the independent variables of the model: where e i -calculated value of the residual in i observation; y i -actual value of the dependent variable model in i observation; y -average value of the dependent variable.
Since the value of the coefficient of determination is R 2 = 0.999, the effect of generalising food security factors (G 1 , G 2 , G 3 , G 4 ) on the integral index is quite significant. This provides reasons to believe that the change in value of the integral indicator of food security by 99% can be explained by changes in values of generalising factors, and by 1% -by other random factors.
The degree of tightness of linear relationship between variables of the model was estimated using the coefficient of multiple correlation R, which was defined by the formula (27), and the direction of this relationship was established: where i y -calculated value of the dependent variable of the model in i observation;
y -average value of the calculated values of the dependent variable model.
Based on the value R = 0.999 the conclusion was made that there was the close direct linear relationship between the generalising factors and the integral index of food security.
To estimate the residual variation variables of the model the standard deviation of the regression equation was calculated as follows:
where 2 ε σ -residues variance unbiased estimate, which in turn was defined as follows:
where n -number of observations (n = 13); k -number of model parameters (k = 5). The calculated value of the standard error of the model 0.016 ε σ = points to a rather small variation of actual values of the integral index of food security around the theoretical values found with the help of regression equation.
Test on the statistical significance of the constructed model was totally accomplished by checking the statistical significance of the coefficient of determination.
For this purpose, the following hypotheses were proposed: Since the actual value of Fisher's test (F f = 2,515.590) is more than critical, the null hypothesis is rejected in favour of the alternative one. This indicates statistical significance of the constructed model of food security as a whole and its adequacy and suggests that the generalising factors explain the variation of the integral index of food security.
In order to determine which model parameters provide the overall statistical significance of the model, the test on statistical significance of the model parameters was carried out. Statistical hypotheses were formulated for each parameter: Comparing the calculated values of Student's test to the critical ones we estimated statistical significance of the multifactor regression parameters and made the appropriate conclusion. Tests of these hypotheses were performed with the help of Student's test, the calculated value of which was determined using the formula:
In this case, it is considered that this criterion is the Student's distribution with v = n -k degrees of freedom. We found the calculated value of Student's test t R = 133.617. As critical Student's test was t cr = 2.306 (with the selected significance level α = 0.05) and the condition t R > t cr was performed, we made the conclusion that the coefficient of multiple correlation was significant, i.e., it really described an actual linear relationship between the integral index of food security and generalising factors. The results of the verification of the food security model indicate that the model is adequate to the statistical data and there is a close direct linear relationship between the generalising factors and the integral index of food security. These results also indicate the significance of the constructed model on the whole and the significance of most of its parameters. This confirms that the choice of the model structure in the form of the linear regression to simulate the dependence of the integral index of food security on the gereralising factors has been accepted as correct.
The model of food security, taking into account the results of verification, will look like:
0.833 0.155 0.415 0.306 .
The coefficients analysis of the selected model shows that the change in the integral index of food security under the influence of each factor changes per unit (if the other factors remain constant) is:
• 0.833 when changing factor of provision
• 0.415 factor when changing factor of physical accessibility
• 0.306 when changing factor of quality and safety
• 0.155 when changing factor of independence.
Accordingly we can confirm that the most significant impact on changing the integral index of food security provides the provision factor, and the least -the factor of independence.
In order to test the adequacy of the constructed model of food security, in terms of its correspondence to the real system of food security, the validation process was carried out. The validation of the model suggests being a verification of correspondence to data of the real economic phenomenon, obtained as a result of modelling. To validate the model of food security a method of cross-validation was chosen.
The purpose of cross-validation is to estimate the level of correspondence to the data that do not depend on the data used to build the model (Andrew, 2012) .
Cross-validation, sometimes called cross-checking, is a technique of model validation to test how well the statistical method used is able to work on an independent dataset. A series of cross-validation includes splitting apart dataset, then build a model in one part (called a training sample) and the validation of the model on the other side (called a control sample). To reduce the scatter of results various cross-validation cycles are carried out on different scatters, and the results are averaged over all validation cycles or combined so as to obtain an estimate.
To validate the model of food security the most widely spread cross-validation methods were analysed (Refaelzadeh et al., 2008) :
• random sub-sampling
• leave-one-out, LOO.
In K-fold cross-validation output observations are divided into K-folds nearly equal-sized. From K-folds the one is left to control the model, and the remaining K-1 folds are used as a training sample. The process is repeated K times, with each of the folds being once used as a control sample. K results, obtained one to each fold, are averaged or combined in a different way and give an estimate. The advantage of this method is that all sample observations are used for the study and control of the model, and each observation is used to control only once. The disadvantages include the fact that there are no specific recommendations on choosing the number of folds and the number of elements in each fold depending on the number of model parameters and the number of observations.
If valid by means of sequential random sampling, scattering the initial dataset for training and controlling is carried out randomly. The results are then averaged over all scatters. The advantage of this method is that the proportion of training and control samples are not dependent on the number of repetitions. The disadvantages include the fact that some observations may never get to the control sample, while others can get to it more than once. In other words, control samples can overlap. Furthermore, since the control samples are conducted by chance, the results will be different in the case of repeated analysis.
With element cross-validation a separate observation is used as a control sample of data and other observations from the initial sample -as training. The cycle is repeated until each observation will once use as a control. This is the same as the K-fold cross-validation, where K equals the number of observations in the initial samples of data. But this method is clearly defined by the number of training data samples, and the ability to use it regardless of the number of model parameters.
For cross-validation model of food security, taking into account the limited number of observations (n = 13) and the presence of four model parameters a method of element-by-element cross-validation was selected.
The resulting food security model validation estimate obtained by the method of element-by-element cross-validation the cross-validation statistics (CV) was chosen, the values of generalising food security factors and the integral index (y 1 , y 2 ,…, y n ) were used for calculations.
The constructed model of food security is a linear multiple regression:
where the values of model parameters B are as follows: where H -'hat matrix' which is:
The value of cross-validation statistics was found by the formula (Hyndman, 2010) : 
Further calculations of cross-validation statistics are given in Table 6 . The obtained value of the cross-validation statistics CV = 0.002 indicates correspondence of the constructed food security model to the real system of food security in Ukraine, i.e., high correspondence level of this model to the data used to build the model. The conducted validation of the food security model confirms the possibility of its successful use on an independent set of indicators of food security. Based on the need for effective regulation and forecasting of the state of food security in Ukraine we developed an economic and mathematical model of food security, the component analysis was chosen as a scientific and methodological base to build the model. The quality of the constructed model was confirmed through the use of correlation and determination coefficients, as well as the values of the standard errors of the model and parameters. The test of the statistical significance of the model was based on the Fisher's and Student's tests. The test of the adequacy of the constructed model of food security, in terms of its correspondence to the real system of food security, was performed through a process of validation.
The constructed model of food security was used to predict the state of food security in Ukraine. The objective of the forecast was defined by establishing the period in which the food security of the country would reach a safe state.
When forecasting we originally defined the dynamics of relative changes in factors of food security during the investigated period. Finding predicted values of the integral indicator of food security was conducted in view of this dynamics, namely with an annual increase of factor of provision (G 1 ) by 2%, physical accessibility factor (G 2 ) by 1%, factor of quality and safety (G 3 ) by 2%, factor of independence (G 4 ) by 1%. The percentage of changes in factors was chosen taking into account the significance of their influence on the integral index of food security. The resulting predicted values of factors and the integral index of food security are presented in Table 7 . Table 7 Forecast of values of the integral index of food security in Ukraine As a result of the forecasting it was found that achieving safe state of food security in Ukraine can be expected in 2019 while maintaining the growing dynamics of generalising indicators of food security of Ukraine. One of the most important steps of the state regulation of food security in Ukraine is holding its comprehensive estimate and modelling. The effectiveness of state regulation of food security largely depends on the clarity of the establishment and implementation of its strategic and tactical objectives. The strategic objectives of state regulation of the food security of Ukraine are offered to be found with regard to the national strategy of food security and national development strategies of Ukraine. The main strategic objectives of state regulation of food security in Ukraine are seen as follows:
• providing the population with organic, safe, quality food in sufficient quantity and range for healthy, rational, balanced diet • achieving self-sufficiency of basic foodstuffs through national competitive agricultural sector and stabilising market conditions through public food reserves
• ensuring uninterrupted physical access to the foodstuffs by developing agricultural infrastructure and food market and the creation of institutional and organisational, economic conditions enabling rural development • improving the living standards and purchasing power of Ukrainian population, solving the problems of the food security of vulnerable sections of the population by implementing programs for social food • ensuring food independence; increasing differentiation and exports of agricultural products and foodstuffs due to the products with high added value; reducing domestic agricultural sector dependence on imported technology, machinery, equipment and other resources • creating the conditions for implementing safety management systems and quality according to international standards and an effective system for monitoring their compliance, formation of a healthy diet • achieving a multifunctional development of agriculture and rural areas, implementing efficient technologies and environmentally sound land use.
Achieving a safe level of food security is possible only in the conditions of achieving a safe level of majority of its indicators. Thus, while we offer to form the strategic objectives of state regulation of food security in Ukraine according to food security subsystems, the tactical tasks, in our opinion, should be consistent with the indicators and assist in achieving strategic objectives.
The main tactical problems of state regulation of food security in Ukraine are: • to increase consumption of basic foodstuffs to the level of rational norms
• to provide daily average energy value of the diet of the population of Ukraine to European standards and to establish a balance structure of consumption of plant and animal origin • to balance nutrition of Ukraine's population for scientifically-based protein, fat, carbohydrates, vitamins, macro-and micronutrients • to assist to meet the basic needs of the population of Ukraine in food through domestic production, as well as the dynamic development of all branches of the agricultural sector of Ukraine and to ensure a high level of competitiveness • to maintain the stability of domestic food market, by making provision of basic foodstuffs and public interventions • to improve pricing mechanisms in the food market by means of overcoming the volatility of food prices and reducing disparity in prices for agricultural and industrial products • to expand the number of wholesale markets of agricultural products and other agricultural infrastructure market, particularly agricultural service cooperatives, clusters, credit unions, insurance companies, elevators, warehouses, exhibitions, fairs etc.
• to improve transport accessibility of some areas to guarantee the uninterrupted flow of food to places of consumption in the necessary volumes and assortment Well-reasoned new approach to calculating the numerical interval limits of food security, which, according to the authors, is expedient to carry out by the rule of the 'golden section'. Identified irregular intervals of security and danger (and intermediate states of danger) can determine the priority need for the urgent government regulationconcerning the most threatening states.
